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Accurately manipulating field strength and polarization state are essential in various terahertz 
applications. Such manipulations are based on the efficient modulation of the amplitude and 
phase of electromagnetic waves. However, there is a lack of such terahertz modulators with 
sufficient efficiency and bandwidth. In this article, the Brewster-critical angle is exploited for 
modulation by using a nematic liquid crystal. Unlike liquid crystal phase shifters that only 
give a narrow-band phase delay via a one-directional switch, the presented device modulates 
both the amplitude and phase across an ultrabroad bandwidth via a bi-directional active switch. 
An average intensity modulation depth over 99.6% is achieved for 0.2-1.6 THz. Furthermore, 
highly accurate polarization conversion between linear and circular states is also realized for 
0.4-1.8 THz, with the average degree of linear and circular polarizations as high as 0.994 and 
0.998 respectively. The superior accuracy, bandwidth and active control achieved provide 
great potential for multifunctional terahertz modulation.  
 
1. Introduction 
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Electromagnetic waves can be described by electric-field (E-field) vectors expressed in a 
complex form of amplitude and phase. Efficiently modulating these two physical properties 
allows precise control of the polarization state and light intensity, which is essential for a wide 
range of applications. For example, in the terahertz (THz) range, field strength needs to be 
well controlled in nonlinear optics[1,2], field-effects on gene expressions[3] and compressed 
sensing imaging[4]. Polarization manipulation is crucial for chiral spectroscopy[5,6], anisotropy 
ellipsometry[7,8] and communications[9]. The growth of THz spectrometers promotes these 
applications and the requirement on adaptive broadband and accurate modulators[10,11]. 
Controlling field strength is relatively easy and has been realized based on a variety of 
mechanisms. Metamaterials are frequently used to enhance the light-material interaction to 
give a deep and fast modulation, with various semiconducting[12,13] and two-dimensional 
materials[14–17]. However, their common shortfall is the narrow working bandwidth. Phase-
transition materials such as vanadium dioxide have also been adopted[18,19]. Their huge 
conductivity change enables a good modulation depth, but their high temperature sensitivity 
makes them difficult to be stably modulated[20]. Moving one step forward to modulate 
amplitude and phase simultaneously is more challenging. The Goos–Hänchen shift can be 
utilized for achieving frequency-dependent dispersion[21]. Metamaterials are still a popular 
candidate for narrow-band polarization switching[22,23]. Stacked metallic gratings were 
implemented to relatively extend the working bandwidth[24–27], which is still limited due to the 
Fabry-Perot effect.  
Utilizing the birefringence of nematic liquid crystals (LCs) for phase shifting is a common 
technique at optical frequencies, and it has also been studied in the THz range. The biggest 
challenge for LC THz devices comes from the need to increase the LC cell depth to be 
wavelength-comparable to provide an adequate phase delay. For example, the typical E7 LC 
with a refractive index birefringence of 0.15 needs a 500 μm thickness to produce a 90⁰  
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phase delay above 1 THz[28], hence results in a very long recovery time over a few minutes. 
Thicker LC cells may produce up to 2π phase delay, but with an even slower speed[29]. Strong 
magnetic fields may accelerate the speed but controlling in this way is typically bulky and 
inflexible[30,31]. Searching for LCs with a larger birefringence or separating the LC cell into 
multiple layers are the two major approaches to address the phase retardance and speed 
requirements[32–34]. However, the improvement is very limited. The largest birefringence 
reported in the THz range is 0.33[32], and the maximum number of LC layers reported is 
two[34,35] (due to the larger insertion loss and more challenging fabrications). The work by B. 
Vasić solved this problem by employing a metal-insulator-metal structure to realize a quarter-
wave conversion with a LC layer of only few micrometers[36]. However, the narrow operation 
frequency is decided by the structural dimensions and it is not tunable. Another two 
challenges of THz LC devices are the lack of transparent electrodes and the narrow working 
bandwidth. The plasma frequencies of most conductive materials are above the THz range. 
The widely used optically transparent materials such as ITO[35], ITO nanowires[28] or 
graphene[37] show considerable absorptions and reflections at THz frequencies. Metallic 
gratings give a high transparency but are polarization-selective to support only a linear 
output[38,39]. The narrow working bandwidth is a basic property for LC shifters due to the 
wavelength-dependent phase delay. Although the operation frequency can be tuned by the 
voltage, the much slower tuning speed compared to optical LC devices makes it impractical 
for THz spectroscopy. The above difficulties strongly limit the application of LC devices in 
the THz range. 
In this work, we propose a silicon (Si) sandwich structure Si-LC-Si coupled with a 30⁰  Si 
prism for amplitude and phase modulation. The Si works as a dense medium (with a much 
larger refractive index compared to the RDP 94990 LC) to provide a sensitive Brewster-
critical angle change by tuning the orientations of the LC molecules, which releases a great 
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modulation potential. More importantly, the Si enables the device to be actively controlled in 
two directions. Its semiconducting nature make it a perfectly transparent electrode for 
transferring the bias voltage on the LC, whilst its high resistivity also makes it a resistor to 
allow an E-field to be generated across the wafer to significantly improve the recovery speed. 
We theoretically and experimentally demonstrate that at the incident angle of 27.7⁰ , it can 
deeply modulate the broadband THz with very low loss. Furthermore, at the incident angle of 
30⁰ , active switch between linear-circular polarization can be achieved in an ultra-broad band 
range with superior accuracy. 
 
2. Theory and experimental results 
 
2.1. Optical modeling 
 
Si has a refractive index of 3.42 for 0.2 - 4 THz[40], which is much larger than that of most 
LCs (typically from 1.5 to 1.8). The great sensitivity of the p-reflection coefficients on the 
incident angles can be deduced from the equation for Brewster angle 𝜃𝐵 = atan⁡(𝑛2/𝑛1) and 
the equation for critical angle 𝜃𝑐 = asin⁡(𝑛2/𝑛1), where n2 and n1 are the refractive indexes of 
the refracted and incident medium respectively. atan and asin functions give similar values 
when the input is close to zero. Therefore, when n1 is sufficiently larger than n2 to give a 
small ratio, the resulting Brewster angle will be very close to the critical angel. This indicates 
that a sharp change in the reflectivity from zero to one, as well as a rapid phase change of 
180⁰  can be achieved by tuning the incident angle over only a small range. Although altering 
the incident angle is impractical in a measurement, varying the refractive index n2 is possible 
by employing LCs. Thus by careful control of the refractive index, the Brewster and critical 
angles (i.e. the reflection dependence on the incident angle) can be manipulated to provide a 
dramatic change in the reflection for a specific incident angle. To our best knowledge, this is 
  
5 
 
the first time the sensitive Brewster-critical reflection change by LC control is proposed and 
applied for efficient amplitude and phase modulation in the THz range. 
The actual reflection from the Si-LC interface is an isotropic-uniaxial reflection determined 
by the optical axis orientation of the LC molecules. The reflection coefficients can be 
calculated from the Maxwell boundary conditions and have been theoretically derived by J. 
Lekner[41,42]. From his theory, the reflection can be analytically calculated by specifying the 
optical axis orientation of the LC. Here, we use this theory to calculate the Si-LC reflection 
for different LC orientations. 
 
2.2. Device configuration and characterization 
 
As shown in Figure 1a, the device consists of a Si/LC/Si structure coupled with a 30⁰  Si 
prism. The whole device was placed on top of a copper heat sink with liquid cooling. The 
incident plane lies in the x-z plane and the reflected THz beam was modulated by the device. 
The 3D cross-section view of the Si-LC-Si structure is illustrated in Figure 1b. Both Si wafers 
are 2-inch p-type Si with a resistivity of 3000 Ω·cm. Each Si wafer has two parallel 
aluminium electrodes fabricated by photolithography. The electrode edges are along the x-
direction and a 1.5 cm Si gap is left in-between the electrodes. The current-voltage curves of 
both Si wafers were characterized and the linear relationship indicates an ideal ohmic contact 
(see Supporting Information Section 1). SD1 alignment layers were spin coated on both 
wafers with a thickness around 10 nm to initially align the LC in the y-direction. A 500 μm 
dielectric spacer was inserted in-between the wafers and left a 2×2 cm2 area for 
accommodating the liquid crystal. Before assembling the wafers and the spacer, a near-
infrared microscope covering the 1 - 2 μm transparent wavelength of Si was used to precisely 
align the electrodes on the two wafers, with a misalignment error less than 20 μm in the y-
direction. Details of the near-infrared alignment are shown in Supporting Information Section 
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2. Finally, the RDP 94990 LC (DIC, Japan) was filled in and the device was sealed. The left 
electrodes of the upper wafer and the right electrode of the lower wafer were permanently 
connected to 0V (GND) and a positive voltage (+U) respectively, while the left electrode of 
the lower wafer and the right electrode of the upper wafer were connected to GND and +U 
through a switch.  
 
Figure 1. Optical arrangement and device configuration. a. Device assembled on a liquid-
cooling cooper heat sink and illuminated by the THz light. b. 3D cross-section view of the y-z 
and x-y planes. c. 2D cross section view of the y-z plane in the OFF and ON states. 
 
Figure 1c shows the y-z cross section view of the device in the OFF (up) and ON (low) states. 
When the switch was OFF, a +U voltage was loaded on the LC in z-direction because the 
resistivity of the LC was orders of magnitude higher than that of the Si. The OFF state rotated 
the LC molecules into the z-direction. When the switch was ON, the +U voltage was loaded 
across both Si wafers in the same y-direction. The ohmic contacts ensure the voltage is fully 
loaded on the wafers, and the previous infrared alignment of the upper and lower electrodes 
ensures the E-field being generated in the z-direction due to the misalignment is less than 4% 
of the y-directional field. The combined E-field will be in the y-direction with an orientation 
error smaller than 2.3⁰ . Therefore, the ON state gives a y-directional rotational force, which 
is the same as the SD1 alignment direction, to actively improve the recovery speed. It is worth 
mentioning here that the approach in our THz in plane and THz out of plane (Tip-Top) LC 
device (which was able to be actively switched in two directions)[39] was not applicable here 
because the grating design only allows a linear polarization output. Furthermore, the in-plane 
switch could not fully rotate the LC molecules into the vertical direction, resulting in a phase 
delay of only 35⁰  at 2 THz. Similar limitations also occur in the work by Vieweg et al[43]. 
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Here, for the first time, our new Si-electrode design enables full electrical control in two 
exactly perpendicular directions without any limitation on the output polarization. 
The RDP 94990 LC was first characterized by measuring the Si/LC/Si structure in 
transmission by a free-space THz time-domain spectroscopy (TDS) system at 18⁰ C. The 
refractive index and absorption coefficient of the ordinary and extraordinary directions are 
shown in Figure 2. The result matches well with our previous characterization[44]. The 
refractive indices in the ordinary and extraordinary directions have very small dispersions 
from 0.1 THz to 3 THz. The absorption coefficients in both directions are very close and 
remain low over the full spectrum. 
 
Figure 2. Characterized refractive index and absorption coefficient of the RDP 94990 LC in 
ordinary and extraordinary directions. 
 
2.3. Intensity modulation 
 
The p-reflection from the Si-LC interface when the optical axis of the LC was aligned in the 
y- and z-directions were calculated according to J. Lekner’s theory[42] and shown in Figure 3a. 
The complex refractive indices of the LC used in the calculation are no=1.57-0.025i and 
ne=1.74-0.025i (the averaged value across 0.1 - 2 THz). This gives a good estimation for this 
frequency range due to the very small dispersion. As expected from the analysis, Figure 3a 
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shows that the difference between the Brewster angle and the critical angle for both curves is 
as close as 4⁰ . The two curves are off-set by about 3⁰ , thus the change in the reflection 
under a specific incident angle is dramatic. The most obvious point will be at an incident 
angle of 27.7⁰  as it reaches the Brewster angle when the LC molecules were aligned in the z-
direction and gives rise to a near-zero reflection. Tuning the LC molecules into the y-direction 
changes the angle to be near critical and returns a near total-internal reflection. The reflection 
amplitude changing from 0.03 to 0.76 indicates a very deep intensity modulation of 99.9%, 
which is calculated by 100% × (1 − |𝑟𝑚𝑖𝑛
2 |/|𝑟𝑚𝑎𝑥
2 |) . The insertion loss from the LC 
reflection is also as low as 2 dB (20 × lg 0.76). 
 
Figure 3. Theoretical calculation and experimental verification of the intensity modulation. a. 
Calculated reflection from the Si-LC interface as a function of incident angles to the Si-LC 
interface, when the LC molecules were aligned in the y- and z-directions respectively. b. 
Measured time-domain signals when the device was switch at OFF and ON states. c. The 
magnitude ratio between the OFF and ON states and the modulation depth in frequency-
domain. d. Time response of the reflection under different OFF and ON voltages. e. 
Reflection under small z-directional voltages 
 
We applied 120 V to the +U electrode and the p-reflections for the OFF and ON states were 
measured. The time-domain signals are shown in Figure 3b. The OFF state gave an almost 
zero reflection, indicating that the LC molecules had been fully rotated to the z-direction to 
reach the Brewster angle. Notice that when the upper Si-LC reflection meets the Brewster 
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condition, the lower LC-Si reflection also satisfies the Brewster condition to give a weak 
reflection, hence almost no multiple reflections were introduced. Switching the device ON 
dramatically increased in field strength, indicating the LC molecules were successfully rotated 
to the y-direction and the device was near the critical angle. The frequency-domain magnitude 
ratio is shown in Figure 3c, as well as the modulation depth calculated by 100% ×
(1 − 𝐼OFF/𝐼ON) . The value is very close to the theoretical calculation and the result is 
basically achromatic. An average modulation depth of 99.6% was achieved for 0.2 -1.6 THz. 
The insertion loss was only due to the 3 dB transmission loss from entering and leaving the 
prism and the 2 dB loss from the near critical reflection. The reflection loss is mainly from the 
small absorption of the LC that attenuates the THz light. The lower frequency limit is mainly 
set by the LC thickness. The refracted beam in the LC layer becomes an evanescent wave 
when it undergoes total-internal reflection, with a penetration depth in the z-direction 
proportional to the wavelength. When the cell thickness is smaller than the penetration depth 
of a certain wavelength, reflection and transmission at the lower Si occur to reduce the 
modulation depth. Figure 3c shows that the 500 μm thickness of our device has almost no 
influence down to 0.2 THz. The high frequency limit was set by the signal-to-noise ratio. The 
OFF state attenuated the signal for over 20 dB (magnitude ratio <0.1) which has exceeded the 
dynamic range above 1.6 THz. As the reflection behavior is decided by the refractive index of 
the LC, according to the results in Figure 2, the actual upper bandwidth is expected to be over 
3 THz (see Supporting Information Section 3). 
To show how the device was actively switched in two directions, we measured the time 
response of the reflection under different ON and OFF voltages in Figure 3d. The LC was 
initially in the y-direction to give a high reflectivity which was normalized to 1. At 10 s the 
device was switched OFF to load the voltage in the z-direction. The signal immediately 
dropped. The 120V gave a response time less than the minimum time resolution of 170 ms in 
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this measurement, and all the other voltages fell within 510 ms. At 20 s the device was 
switched ON. The 0 V curve demonstrates the self-recovery process by the anchoring forces 
offered by SD1 alignment layers, which was very slow and the actual full recovery time was 
about 15 min. As mentioned in the introduction, this is common but also the biggest challenge 
of THz LC devices. In our device, the second y-directional voltage actively improved the 
recovery speed with increasing voltage. At 120 V, it took only 60s to reach 90% of the 
maximum amplitude, which is 15 times faster than the self-alignment. At 120 s, the device 
was switched OFF and all the curves dropped immediately. In the ON state, a higher voltage 
can theoretically further improve the speed. However, it was limited to 120V here due to the 
greater heat generation at higher voltages. Although the nematic-isotropic point of the RDP 
94990 LC is as high as 85.9⁰ C, the birefringence of the LC reduced with the increasing 
temperature below this point, which is a common characteristic of LCs[45]. Details about the 
temperature effect on the LC and the device performance are given in Supporting Information 
Section 4. The temperature effect on the reduced birefringence also explains the lower 
amplitude at the end of the ON state for the 120 V case in Figure 3d. Our test shows that the 
device performance was not affected up to 120 V. Higher voltages can be realized by 
optimizing the device from many aspects and will be given in the discussion section. 
The device was not only working in a binary mode of ON and OFF states. Applying a lower 
z-directional voltage in the OFF state enables a gradual modulation. This is shown in Figure 
3e. The reflection can be continuously tuned from 1 to 0.1 within 10 V. This is essential for 
applications requiring a robust and continuous control of different field strengths. 
 
2.4. Linear-circular conversion 
 
The quick change from the Brewster to critical angle also indicates great phase-modulation 
potential. The magnitude ratio and phase difference between the p- and s-reflections as a 
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function of incident angles were calculated in Figure 4a and 4b. An interesting point was 
found at the incident angle of 30⁰ . When the LC was in the z-direction, the p-reflectivity was 
36% of the s-component with a near zero phase difference. Rotating the LC into the y-
direction increases the magnitude ratio to about 1 and the phase difference to 90⁰ . This 
indicates the potential of actively switching between a linear and a circular output. 
The setup was changed to a 30⁰  incident angle, and linear light polarized at 45⁰  to the p-
direction (thus equal p- and s- projections) was illuminated the device. The magnitude ratio 
and phase difference between the reflected p- and s-components at ON and OFF states were 
measured and shown in Figure 4c and 4d. The values show a high degree match to the 
theoretical prediction. Both the magnitude ratio and phase difference under the two states 
were found to be basically achromatic from 0.4 THz to 1.8 THz. In the ON state, the phase 
difference was very close to 90⁰  and the maximum dispersion was only +6⁰  and -2⁰ . The 
magnitude ratio was also very close to 1 with a variation less than 7%. The OFF state closely 
kept the magnitude ratio at around 0.37 and the phase below 11⁰  away from 0⁰ . The 
bandwidth limitation can still be explained by the above analysis. The frequencies below 
0.4 THz were affected by the interference from the lower LC-Si reflection. The upper 
bandwidth was limited by the signal-to-noise ratio. The birefringence of the LC theoretically 
supports the conversion at least up to 3 THz.  
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Figure 4. Amplitude and phase modulation by the proposed device. a. Theoretical magnitude 
ratio and b. phase difference between the reflected p- and s-reflection coefficients as a 
function of incident angles to the Si-LC interface, when the LC molecules were aligned in the 
y- and z-directions respectively. c. The measured magnitude ratio and d. phase difference 
between the p- and s-components in the frequency-domain when the device was at the OFF 
and ON states. The white regions show the bandwidth with a very small dispersion e. 
Polarization output from 0.4 THz to 1.8 THz at the OFF and f.ON state. 
 
A more straightforward comparison for the polarization switch can be seen from Figure 4e 
and 4f. The reflections from 0.4 THz to 1.8 THz at OFF and ON states were plotted. An 
almost ideal linear state pointing at 20⁰  to the s-direction was obtained at the OFF state, with 
a small ellipticity coming from the slight phase shift. The average DoLP (degree of linear 
polarization)[46] is 0.994. The ON state changed the device to a quarter-wave converter to 
output almost perfectly circular polarizations in the ultra-broad bandwidth, with the average 
DoCP (Degree of circular polarization) as high as 0.998. (The calculation of DoLP and DoCP 
is given in Supporting Information Section 5) The circular state was left-handed with the 
+45⁰  polarized input, and can be easily changed to right-handed by rotating the incident THz 
beam to be -45⁰ , perfectly satisfying the requirements in chiral spectroscopy. Moreover, as 
shown in Figure 4a and 4b, arbitrary elliptical polarizations can also be efficiently achieved 
by carefully selecting the incident angle and the incident polarization direction.  
 
3. Conclusion 
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We have demonstrated the great modulation capability of the proposed LC device provided by 
the sensitive Brewster-critical angle change using both theoretical calculations and 
experimental verification. Both amplitude and phase can be highly efficiently modulated in an 
ultrabroad band manner, with the upper frequency limit set by the system and can be further 
extended to 3 THz theoretically. The introduced silicon-electrode design enables a two-
directional electrical switch in the two fully perpendicular directions without any light 
absorption. 
The achievement in the modulation efficiency and operational bandwidth is the key 
breakthrough of this work. For amplitude control, the modulation depth of 99.6% is not much 
different from the perfect state of 100%, and the insertion loss of 5 dB is also competitive 
with the state of the art[47–49].  The continuous and stable modulation at low voltages is more 
efficient than the optical or thermal based modulators[18,50]. For the polarization control, the 
broadband quarter-wave conversion has seldom been reported. Narrow-band quarter-wave 
conversion is already challenging in the THz range, as LC phase shifters need a sufficient cell 
depth[34] and metamaterials have a limited accuracy[22]. Using Fabry-Perot effect[24,27] or 
anisotropic reflection[51] extends the bandwidth to no more than 0.7 THz, which is still less 
than a half of this work. More importantly, in terms of controlling efficiency such as DoLP 
and DoCP in their reported range, we show a significantly better accuracy. The efficient and 
broadband manipulation on the amplitude and polarization make our device highly adaptive to 
a wide range of THz applications. 
The bi-directional active electrical control is another important breakthrough compared to the 
state-of-art THz LC devices. The Si not only provides a large index contrast but also enables 
an E-field loading in both y- and z-directions. It behaved as a conductor in the ON state to 
transfer the z-directional E-field, and performed as a resistor in the OFF state to accelerate the 
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recovery process. Both states do not require any previously proposed electrodes such as ITO, 
graphene or metallic gratings to reduce the THz transparency. The upper voltage limit in the 
ON state was set by the heat generation that reduces the birefringence. A few optimizations 
on the structure can be made to increase the limit. For example, the use of a higher resistivity 
Si of 20 kΩ·cm can reduce the power consumption by a factor of 7. Reducing the electrode 
length in the x-direction to 1 cm further reduces the power by a factor of 5. Thinner Si wafers 
also directly increase the bulk resistivity (2 mm in this work). Furthermore, the resistance can 
also be increased by shortening the distance between the two electrodes in the y-direction, as 
long as the gap between the electrodes is larger than the beam spot. This also allows a lower 
bias voltage to produce an E-field of the same strength. All the aforementioned optimizations 
do not sacrifice any device performance metrics and would enable a field strength several 
times higher than reported in this work, hence a recovery time within few seconds can be 
reasonably expected. Moreover, the LC used in this work has a general birefringence of 0.17. 
Larger birefringence LCs broaden the distance between the two curves in Figure 3a and 4a, 
which can further enhance the amplitude and phase modulation ability and make the device 
more robust to the operation temperature. A comparison of the device performance by using 
larger birefringent LCs is discussed in Supporting Information Section 6. 
 
4. Experimental Section  
 
Device Fabrication: The two Si wafers were cleaned and etched by hydrogen fluoride 
followed by a standard photolithography process to make the aluminum electrodes of 200 nm 
thick. After that, they were annealed under 425⁰ C in a N2 flow for 10 min to improve the 
contact quality. SD1 (tetrasodium-5, 5 - ((1E, 1'E) - (2,2' - disulfonato - [1,1'-biphenyl] - 4,4' - 
diyl) bis (diazene - 2, 1 - diyl)) bis (2-hydroxybenzoate)) layers were spin coated on both 
wafers and exposed under a polarized UV light to initialize the alignment orientation in the y-
direction. A self-built infrared microscope equipped with a MicronViewer 7290A camera was 
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used to align the two Si wafers to control the misalignment of the electrodes in the y-direction 
to be less than 20 μm. A 500 μm PVC spacer was sandwiched in-between the Si wafers and 
assembled. The RDP 94990 LC was filled in through an open slip. Finally, the slip was filled 
by another piece of PVC film and the device was sealed by epoxy. 
Measurement: The transmission measurement to characterise the RDP 94990 LC. was 
performed by a self-built free-space THz-TDS system. The Si-LC-Si structure was placed in 
the focus of the THz beam and the transmitted signal was measured. The reference signal was 
taken by measuring the transmitted signal through another two Si wafers of the same 
thickness which were separated by air. A time-domain window is applied to both sample and 
reference signals to extract only the first transmitted pulse without multiple reflections. The 
sample/reference ratio in the frequency-domain can be expressed by Fresnel equations and 
solved analytically[52]. The reflection measurement was performed based on the fiber-based 
ellipsometry system built on Menlo K15. Three polarizers were used to make a precise control 
and detection of the polarization. A calibration algorithm was applied to improve the accuracy 
on the magnitude and phase detection. Details about the system, measurement and the 
algorithm can be found in our recent work on THz ellipsometry[53].  The incident angle was 
set to 22⁰  and 30⁰  in space, resulting in a 27.7⁰  and 30⁰  incident angle to the Si-LC 
interface for the intensity modulation and linear-quarter wave conversion, respectively.  
 
Supporting Information 
Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. Optical arrangement and device configuration. a. Device assembled on a liquid-
cooling cooper heat sink and illuminated by the THz light. b. 3D cross-section view of the y-z 
and x-y planes. c. 2D cross section view of the y-z plane in the OFF and ON states. 
Figure 2. Characterized refractive index and absorption coefficient of the RDP 94990 LC in 
ordinary and extraordinary directions. 
Figure 3. Theoretical calculation and experimental verification of the intensity modulation. a. 
Calculated reflection from the Si-LC interface as a function of incident angles to the Si-LC 
interface, when the LC molecules were aligned in the y- and z-directions respectively. b. 
Measured time-domain signals when the device was switch at OFF and ON states. c. The 
magnitude ratio between the OFF and ON states and the modulation depth in frequency-
domain. d. Time response of the reflection under different OFF and ON voltages. e. 
Reflection under small z-directional voltages 
Figure 4. Amplitude and phase modulation by the proposed device. a. Theoretical magnitude 
ratio and b. phase difference between the reflected p- and s-reflection coefficients as a 
function of incident angles to the Si-LC interface, when the LC molecules were aligned in the 
y- and z-directions respectively. c. The measured magnitude ratio and d. phase difference 
between the p- and s-components in the frequency-domain when the device was at the OFF 
and ON states. The white regions show the bandwidth with a very small dispersion e. 
Polarization output from 0.4 THz to 1.8 THz at the OFF and f.ON state. 
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